Nuclear receptor subfamily 1, group D member 1 (Nr1d1), also known as Rev-erb-a, belongs to the family of "orphan receptors" and functions as a member of clock gene family. In addition to being an important member of clock circuitry, Nr1d1, also regulates cell proliferation, lipid metabolism, and inflammation and is also touted as a tumor suppressor. Our focus on Nr1d1 was stimulated by data from a genome-wide search for mRNA correlates of cigarette smoke (CS) sensitive-whole smoke (WS) and filtered smoke (FS)-lung transcriptomes in tumor-resistant C57BL6 and tumor-susceptible AJ mice strains. Differential analysis of ~15 000 genes using Affymetrix 430A 2.0 high-density oligonucleotide arrays identified modulation of genes related to circadian pathways by CS in lungs of both mouse strains. Nr1d1 expression was downregulated by both WS and FS irrespective of mouse strain as compared to respective air-breathing controls. WS was more effective than FS on decreasing Nr1d1 expression. The present data suggest that transcriptional regulation of Nr1d1 by CS may affect circadian rhythmicity and thus may play a complementary role in CS-induced lung respiratory tract pathobiology and/or lung tumorigenesis.
Introduction
Nuclear receptor subfamily 1, group D member 1 (Nr1d1), also known as, Rev-erb-a, is a member of "orphan receptors" 1 and is encoded on the noncoding strand of the thyroid hormone receptor gene. 2 Orphan receptors are proteins lacking in, as yet, well-defined ligands or particular physiological or biological functions. 3 However, recent studies have shown that heme may function as a ligand for Nr1d1 and its closely related receptor-Nr1d2 (Rev-erbb). 4 Nr1d1 was reported to act as a major molecular link through which proteins related to circadian regulation drive the circadian processes. 5, 6 These proteins are encoded by "clock genes" such as period homologs 1 and 2 (Per1 and Per2), cryptochromes 1 and 2 (Cry 1 and Cry2), aryl hydrocarbon receptor nuclear translocator-like (Arntl; also known as Bmal1), circadian locomotor output cycles kaput (Clock) and neuronal PAS domain protein 2 (Npas2). 7 The "clock circuitry" is composed of interacting feedback loops that regulate the transcription of the clock genes and are highly conserved among animals. 8 The circadian clock is controlled by clock genes and is synchronized to the external time cues by input signals and regulate peripheral circadian rhythms via output signals. 9 Studies in Nr1d1 null mice (Nr1d1 -/-) had shown that the expression of suprachiasmatic nucleus (SCN) and liver Nr1d1 in mice is negatively regulated by Per and Cry proteins but positively regulated by Clock and Arntl. The cyclic accumulation of Nr1d1 then imposes circadian regulation of Arntl transcription. 5 Apart from its circadian regulatory function, Nr1d1 was also reported to modulate cell proliferation/ differentiation, 10, 11 lipid metabolism, 12, 13 and NF-kB pathways.
14 Altered circadian rhythms may contribute to sleep disorders, psychotic disorders, and tumorigenesis. [15] [16] [17] Cigarette smoke (CS) exposure is known to alter normal circadian rhythm in lungs by disrupting lung function 18 or by modulating the expression of genes related to circadian circuitry. 19 The present study was carried out to identify circadian gene expression changes in lung tissue in two strains 1 University of California, Davis, CA, USA of mice-tumor-resistant C57BL6 mice and tumor-susceptible AJ mice-by exposing them to whole smoke (WS) and to filtered smoke (FS).
Materials and Methods Animals
The protocols for the care and use of animals were approved by the Institutional Care and Use Committee at the University of California, Davis. Male C57BL/6 and AJ mice (3 months old) were purchased from Jackson Laboratories, Bar Harbor, ME. Mice were housed in polycarbonate cages and maintained at 21° to 23°C and 60% to 70% humidity on a 12-hour light/dark schedule and with ad libitum access to water and food. After a 2-week acclimatization period, both strains of mice were assigned at random to different groups (n = 5 per group) and exposed to filtered air, WS, or FS. Mice had unrestricted access to water and diet, and body weight was measured before and after respective exposures. Immediately after the last filtered air or CS exposures, the animals were euthanized by pentobarbital overdose (120 mg/kg body weight, i.p.). Lung parenchymal tissue was dissected away from extraparenchymal airways and blood vessels and stored at -80°C until further analyses.
Cigarette Smoke Exposure
The CS exposure studies were carried out at the University of California, Davis CS Exposure Facility (Director: Dr Kent Pinkerton). Kentucky 2R4F research cigarettes obtained from Tobacco Research Institute, University of Kentucky, Lexington, were used. Three-month-old male mice from both strains (C57BL6 and AJ) were exposed to WS, 6 hours a day for a period of 10 days at 90 mg/m 3 of total suspended particles (TSP), and then increased to 125 mg/m 3 over 5 days, and continued for 3 additional days at 125 mg/m 3 . 20, 21 . For FS exposure, WS was drawn through a high-efficiency particulate air (HEPA) filter generating FS before entering the exposure chamber. 21, 22 The chamber atmosphere was controlled with relative humidity of 40% ± 8% and temperature 75°F ± 3°F. Chamber atmospheres were also monitored daily for carbon monoxide (CO), nicotine, and TSP. Animals breathing filtered air served as controls for the study.
RNA Extraction and Biotin-Labeled RNA for GeneChip Analysis
RNA from lung tissue was extracted and processed for GeneChip analysis as previously described. 23 Briefly, RNA from lung tissues was extracted with Trizol reagent and purified and quantified according to the manufacturer's (Invitrogen, Carlsbad, CA) protocol. Five replicates, each from a mouse lung, from each of the 3 groups (n = 5 per group) exposed to filtered air, WS, or FS, were further processed as follows for GeneChip analysis.
The methods used to prepare the eukaryotic target preparation were followed according to the manufacturer's protocol (Affymetrix, Inc.) for expression arrays. An aliquot (10 µg) of RNA solution was used for preparation of one-cycle cDNA synthesis (first-strand and second-strand cDNA synthesis) followed by cleanup of double-stranded cDNA and synthesis of biotin-labeled cRNA. The biotin-labeled cRNA (40 µg) was used for fragmenting for target preparation. Fragmented cRNA samples were hybridized to high density oligonucleotide Affymetrix Mouse 430A 2.0 GeneChips (Santa Clara, CA), which contains 22 600 probe sets representing transcripts and variants from more than 14 000 well-characterized mouse genes. For hybridization, gene expression was assessed using one chip per mouse lung.
Oligonucleotide Microarray Analysis and Statistics
The scanned images of hybridization signals were analyzed with the Affymetrix GeneChip Operating Software (GCOS 1.4), including the GeneChip scanner 3000 High-Resolution Scanning Patch and DNA-D chip analyzer (d-Chip), a software package implementing model-based expression analysis of oligonucleotide arrays at http://www.dchip.org. 24 The absolute mRNA expression (present or absent) and differential mRNA expression data were obtained from the pivot data. When the P value for detection signal was <.049 (range of P values .0002 to .0490), the expression of the mRNA was classified as present (P). All mRNAs with the P value for detection >.05 were considered absent (A). The signal intensities for transcripts classified as present ranged from 5 to 7000 U. We also performed Gene Ontology (GO) (www.geneontology.org) and PANTHER (Protein ANalysis THrough Evolutionary Relationships) 25 analysis for classification of differentially expressed genes for characterizing the biological properties and pathways involved.
Statistical Analyses
Statistical evaluation of analytical data was done by Student's t test using the statistical software GraphPad Prism 4.0 (San Diego, CA). In all comparisons P < .05 was considered as significant. Results are expressed as mean ± standard error of the mean (mean ± SEM).
Results

Body Weight and CS Exposure Data
As displayed in Figures 1A and 1B, CS, both WS and FS, exposures caused a significant decrease in the body weights of the 2 mouse strains as compared with their respective filtered air controls (P < .01 and P < .05, respectively). There was no significant difference in the effects of WS and FS on the reduction in body weight in both the mouse strains.
Analyses of CS exposure chambers (based on observations from 8 different exposure days), revealed that TSP, CO, and nicotine levels were 129.5 ± 11.6 mg/m 3 , 291 ± 21.9 ppm, and 12.8 ± 0.19 mg/m 3 , respectively, in WS chambers. By introducing HEPA filters to generate FS, TSP, and nicotine levels were effectively lowered to 1.0 ± 0.15 mg/m 3 and 2.6 ± 0.08 mg/m 3 respectively, with a 15% drop in CO levels (245 ± 19.6 ppm).
GeneChip Analysis
The microarray analysis by Affymetrix GeneChips detected ~16 000 genes in lung tissues from the 2 mouse strains exposed to either filtered air or CS. A report of comprehensive analysis and interpretations of the transcriptomic data is under preparation. Here we give a summary of the data and focus on the expression of Nr1d1 and other genes related to circadian circuitry.
Comparative analysis of the data from air-exposed, tumorsusceptible AJ and tumor-resistant C57BL6 mice identified 468 differentially expressed genes in lung tissue. Of these 468 genes, 232 were overexpressed and 236 genes were underexpressed in C57BL6 lungs compared with those in AJ lungs. Functional classification of the differentially expressed genes was obtained by GO ontology (www .gen eontology.org) using dChip software and related pathways analyzed by PANTHER analysis. Pathways related to angiogenesis, apoptosis signaling, p53, and inflammatoryimmune responses were seen to be largely affected in AJ lung tissue basally as compared with lungs in C57BL6 mice strain ( Figure 2 ).
The lungs of the 2 mouse strains also showed distinct responses to CS exposures. Furthermore, the analysis also revealed distinct transcriptomic signatures of WS and FS. WS exposures changed the expression of 134 genes (37 upregulated and 97 downregulated) in lung tissues of C57BL6 mice. In Figure 1 . Body weight data before and after cigarette smoke (CS) exposure in C57BL6 and AJ mice strains The mice were exposed to filtered air, incremental whole smoke (WS; 90 to 125 mg/m 3 ), or filtered smoke (FS) for 8 days (6 h/d). (A) C57BL6 mice exposed to WS and FS showed a significant reduction in body weight (P < .01). Similarly, (B) AJ mice also showed a significant reduction in body weight post exposure (P < .05). However, there was no significant change in body weight levels comparing C57BL6 and AJ mice in any of the exposure groups. Data are represented as mean ± standard error of the mean, n = 5 to 6. contrast, FS exposure affected the expression of 32 genes (17 genes were induced and 15 were repressed). As seen in Figures  3A and 3B , FS and WS exposure to C57BL6 mice affected genes related to multiple pathways in lung tissue.
WS affected the expression of 87 lung genes in AJ mice (47 genes were induced and 40 were repressed). FS altered the expression of 62 lung genes (47 induced and 15 repressed) in lungs of AJ mice. FS exposure to AJ mice was as effective as WS exposure in modulating lung genes related to angiogenesis, apoptosis signaling, p53, and inflammatory-immune response pathways as compared with respective air-breathing control mice (Figures 4A and 4B ).
Nr1d1 Expression Suppressed by CS Exposure
The present article is primarily focused on the CS-induced modulation of genes related to circadian circuitry. As compared to lungs of air-breathing C57BL6 mice strain, the basal transcriptomic expressions of circadian genes, period homolog 1 (Per1), period homolog 3 (Per3), and nuclear receptor subfamily 1, group D member 1 (Nr1d1), were significantly (P < .05) suppressed in AJ lungs ( Figure 5 ). This is an interesting observation, as period holomogs and Nr1d1 also act as tumor suppressors [26] [27] [28] and AJ mice strains are known to Differentially expressed lung genes in air, FS, and/or WS exposed C57BL6 mice were subjected to pathway analysis by PANTHER software. (A) In FS-exposed C57BL6 mice lungs, only 9 pathways were seen to be primarily affected of which one was that of circadian clock system. (B) In WS-exposed mice, out of 34 pathways identified, the top 10 pathways, with the maximum gene component "hits" are shown (N = 5/group). Circadian clock system being one of the pathways (21st in the list of 34 pathways) identified with 14 gene component hits. Three-month-old male mice were exposed to whole smoke (WS), 6 hours a day for a period of 10 days at 90 mg/m 3 of total suspended particles (TSP), and then increased to 125 mg/m 3 over 5 days, and continued for 3 additional days at 125 mg/m 3 . For filtered smoke (FS) exposure, WS was drawn through a high-efficiency particulate air (HEPA) filter generating FS before entering the exposure chamber. *P < .05 and **P < .01 represent level of significance in FS-exposed group as compared with the respective air-group. be "tumor-susceptible" 29 as compared with "tumor-resistant" C57BL6 mice strains.
CS exposure to C57BL6 mice was seen to modulate the expression of circadian-related lung genes (Figure 6 ), of which aryl hydrocarbon receptor nuclear translocator-like (Arntl; also known as Bmal1) and Nr1d1 were seen to be significantly downregulated by both FS (P < .05 and P < .01, respectively) and WS (P < .01 and P < .001. respectively) exposure as compared to air-breathing controls. At the same time, the expression of circadian genes, Per2 and cryptochrome 1 (Cry1), were seen to be significantly upregulated by WS exposure (Figure 6 ).
Similarly, FS and WS exposure to AJ mice was seen to further modulate the expression of circadian related genes in lungs as compared with air-breathing controls (Figure 7 ). Of note, Arntl expression was completely abolished by FS and WS exposure in AJ mice. Nr1d1 expression as compared with C57BL6 and AJ mice lungs ( Figure 5 ), was seen to be further downregulated (P < .001) by FS and WS exposure ( Figure 7 ).
Discussion
The significant and novel outcome of this study is the identification of a cluster of genes, encoding members of the transcription factor family that regulate circadian rhythm, which are differentially expressed between tumor-susceptible and tumor-resistance mice. The basal expression of the major circadian regulatory lung genes, transcriptomic expression of Nr1d1 (also known as Rev-erba) was seen to be suppressed in AJ lungs as compared with lungs of C57BL6 mice ( Figure 5 ). This observation is noteworthy, as Nr1d1, a "clock gene" has also been reported to act as a "tumor Figure 7 . Expression of genes related to circadian circuitry in cigarette smoke (CS)-exposed lungs of AJ mice Three-month-old male mice were exposed to whole smoke (WS), 6 hours a day for a period of 10 days at 90 mg/m 3 of total suspended particles (TSP), and then increased to 125 mg/m 3 over 5 days, and continued for 3 additional days at 125 mg/m 3 . *P < .05 and **P < .01 represent level of significance in FS-exposed group as compared with the respective airgroup. # P < .05, ## P < .01, and ### P < .001 represent level of significance in WS-exposed group as compared with respective air-breathing controls. Data are represented as mean ± standard error of the mean, n = 5 to 6.
suppressor" gene regulating cell proliferation. 28 Preitner et al 5 showed in Nr1d1 null mice that the expression of SCN and liver Nr1d1 is negatively regulated by Per and Cry proteins but positively regulated by Clock and Arntl and the cyclic accumulation of Nr1d1 then imposes circadian regulation of Arntl transcription. Hence, suppressed Nr1d1 expression in AJ mice lungs may suggest that these mice may have dysregulated circadian functions and maybe one of the factors attributed to its tumor susceptibility. It must also be noted that these data were obtained from 3-month-old AJ mice and that no lung tumors were observed at this early time period. In this strain, sporadic lung tumors start to develop by 5 to 6 months. 30 We speculate that Nr1d1 could be touted as one of the "early carcinogenic biomarkers (preneoplastic)" for early detection of cancer in lungs.
Disruption in "chronobiology" or the biological rhythm as represented by the circadian rhythm may result in abnormal homeostatic control of normal cellular proliferation leading to cancer as a result of environmental or genetic stimuli. Circadian clock gene mutations, repeat shifts in light-dark cycle, ablation of SCN in the hypothalamus, and so on have been reported to be the causative factors. [31] [32] [33] [34] [35] However, there is a paucity of reports related to CS-induced dysregulation of genes related to circadian circuitry. 19 Clegg et al 36 have reported that nicotine administration (1 mg/kg body weight s.c.) to pregnant Sprague-Dawley rats induced c-fos (FBJ osteosarcoma oncogene) mRNA expression in maternal habenula and hypothalamic paraventricular nucleus. Similar induction was also seen in fetal brain in both habenula and hypothalamic paraventricular nucleus and also in the SCN. 36 Though a direct link on the effect of nicotine on SCN is not clearly understood, nicotine-induced c-fos mRNA expression in SCN has been implicated as causing a phaseshift in circadian systems. 36 However, reports by other workers had shown that nicotine may not significantly alter circadian activities. 37, 38 There is overwhelming evidence that CS plays a major role in the epidemiology of lung cancer 39 and the effects of CS on tumor-susceptible mouse strain, AJ, have been extensively studied. 21, 22, 29, 30, [40] [41] [42] Dysregulated xenobiotic metabolism, inflammatory-immune responses, and/or epigenetic modifications, with respect to methylation/acetylation of DNA binding sites/histones have all been thought to play contributing roles in CS-induced lung carcinogenesis. 43 Rutter et al 44 have reported that DNA binding activity of the circadian genes CLOCK:Arntl and neuronal PAS domain protein 2 (NPAS2:Arntl) heterodimers are influenced by the redox state of nicotinamide adenine dinucleotide (NAD). 44 Thus, reduced forms of cofactors NAD(H) and NADP(H) enhanced DNA-binding, whereas oxidized forms inhibited it, suggesting that circadian systems may be modulated by the redox-status of the biological system. 44 As seen in our observations, Nr1d1 expression was suppressed by FS and WS exposure in both the mice strains, where WS was seen to be more potent (Figures 6 and 7) . Thus, Nr1d1 expression, which was suppressed in AJ lungs as compared with lungs of C57BL6 mice, and further downregulated by CS exposure, implicates that AJ mice are more susceptible to dysregulation of circadian rhythms in lung tissue as compared with C57BL6 mice. It must also be noted that we have been consistently observing suppression of Nr1d1 mRNA expression in lungs of CS-exposed mice in several of our studies in a different cohorts of mice. 23, 45 In a recently published report, we observed ozone (O 3 )-induced downregulation of Nr1d1 expression in lungs in a vitamin E deficient mice model though no changes were seen in O 3 -exposed vitamin E sufficient mice. 46 These observations, along with the present data, support our hypothesis that Nr1d1 may represent a redox-sensitive gene. Nr1d1 were reported to be "orphan receptors" without any identified physiological ligands; 1 however, recent studies have shown that "heme" may act as a ligand, thus regulating this receptor's function. 47, 48 This does open the question as to whether there is a link to its ligand, heme and Nr1d1's redox-sensitive status. Further studies that would resolve this possibility, along with characterizations of which of the lung's major cell types predominantly express Nr1d1, are warranted.
Summary
To summarize, CS exposure to tumor-resistant C57BL6 mice and tumor-susceptible AJ mice revealed dysregulated expression of lung Nr1d1, a key circadian rhythm and tumor-suppressor gene. Apart from their circadian regulatory functions, Nr1d1 is also reported to regulate cell proliferation/differentiation, 10,11 lipid metabolism, 12,13 and NF-kB pathways.
14 Hence, CS-induced dysregulation of Nr1d1 expression may affect several cellular processes that could affect CS-induced lung carcinogenic and noncarcinogenic (eg, chronic obstructive pulmonary disorder) pathobiologies. It must also be noted that the data presented here are of just one time-point and further studies need to be done to understand the light and night cycle lung gene expression studies at different time-points and its modulation by environmental perturbations such as CS. The present study reveals a "snapshot" of CS-modulated expression of genes related to circadian circuitry in lungs and the lesser studied interactions of CS and/or redoxsensitive circadian genes.
